ABSTRACT A 2-yr study was conducted to evaluate the effect of ethephon (2-chloroethylphosphonic acid) on efÞcacy of pheromone traps in monitoring fall and spring populations of adult boll weevils. The experimental procedure consisted of a grandlure pheromone strip placed in a boll weevil trap together with a 7.5-ml aqueous solution of ethephon at 0.1, 1, 10, and 100 ppm concentrations. Treatments also included traps with nothing, ethephon alone at each of the four concentrations, and grandlure alone. Traps were monitored twice a week, and ethephon solutions were replenished during each trap inspection. Trap catch was signiÞcantly affected by year, season, and treatments. Overall, signiÞcantly higher numbers of boll weevils were captured in 1996 Ð1997 compared with 1997Ð1998. Average numbers of boll weevils captured in fall season were approximately six times higher than the numbers captured in the spring season. Ethephon alone did not elicit a signiÞcant attraction to fall or spring populations at any concentration evaluated. However, the combination of ethephon and grandlure pheromone showed a distinct synergistic effect, enhancing the efÞcacy of pheromone-baited traps in monitoring fall migration of boll weevil populations. Ethephon at 1 and 10 ppm combined with grandlure were most attractive to fall-migrating weevils, capturing 20 Ð35% more weevils than the grandlure alone. The combination of ethephon at 10 ppm and grandlure also had a signiÞcant effect on weevil attractancy for spring populations, but the results were not consistent between years. Data from this study clearly suggest that the addition of ethephon to grandlure can signiÞcantly improve trap attractancy and will aid in boll weevil monitoring and eradication strategies that aim at attacking the weevils during the fall, with some potential of improved attractancy in monitoring spring populations.
THE BOLL WEEVIL, Anthonomus grandis grandis Boheman, has been a serious impediment in Texas cotton farming for the past 100 yr. The boll weevil undergoes a late-season ßight during late August to early December to seek a suitable overwintering habitat, where the adult overwinters in a state of facultative diapause (Sterling and Adkisson 1974, Carroll and Rummel 1985) . Adult weevils that survive the winter emerge from the overwintering habitats and move back to the cotton Þeld in the following cotton growing season. The potential of overwintering survival depends on winter severity and the insulating ability of the overwintering habitats (Parajulee et al. 1996) . Therefore, the dispersing weevils maximize their winter survival by overwintering in the best available habitat near cotton Þelds. Slosser (1995) provided a detailed account of overwintering habitat management and presented a four-season approach to boll weevil control. However, the questions of what triggers the movement of weevils out from the cotton Þeld and how the weevils locate the overwintering site are not well understood.
We hypothesized that the fall-migrating weevils respond to olfactory cues emitted from potential overwintering habitats. Kozlowski (1973) reviewed the mechanisms of leaf shedding in plants, and he reported that the rise in ethylene concentration in and around the abscission zone causes the shedding of plant parts, releasing the ethylene into the environment. Thus, the ethylene emission during the fall is a natural process that may attract weevils to suitable overwintering locations. Regardless of the variation in insulating abilities among different overwintering habitats (Parajulee et al. 1997) , major olfactory cues from all habitat types should consist of ethylene or ethylene by-products produced by leaf senescence in these habitats during the fall (Kozlowski 1973) . Based on the hypothesis that fall-migrating weevils respond to ethylene as they leave the cotton Þeld and move to the overwintering habitats, we designed a 2-yr study to evaluate the role of ethylene as an attractant for boll weevil populations, comparing both spring-migrating and fall-migrating populations. A commercial harvestaid product, ethephon (Rhô ne-Poulenc, Research Triangle Park, NC), was used as a source of ethylene in our investigation.
Ethephon (2-chloroethylphosphonic acid) is a plant growth regulator that releases ethylene gas (a plant hormone) in plant tissues by a simple, basecatalyzed chemical reaction. However, ethephon also degrades and releases ethylene in an open environment when it is in aqueous solution, but the pH of the solution governs the speed of ethylene gas synthesis (Rhô ne-Poulenc Ag Company Product Bulletin 1997). Using a gas chromatographic analysis, Peñ a et al. (1998) validated that ethephon degrades and releases ethylene gas in an open environment.
Materials and Methods
The effect of ethephon on efÞcacy of pheromone traps in monitoring fall and spring populations of adult boll weevils was evaluated at Chillicothe, TX (34Њ 12Ј N, 99Њ 32Ј W). Overwintering (fall) populations were monitored from 5 September to 13 December in 1996 and from 1 September to 11 November in 1997; weevil ßight activity ceased about 1 mo earlier in 1996 compared with 1997 due to early crop termination. The spring populations were monitored from 15 March to 15 July in 1997 and from 2 March to 24 June in 1998. Voucher specimens of boll weevil adults were placed in Vernon Center Insect Collection in Vernon, TX.
The experimental trapping unit consisted of a 10-mg grandlure (Gl) pheromone strip (Hercon Environmental, Emigsville, PA) placed in a standard boll weevil trap together with a 7.5-ml aqueous solution of ethephon (E) contained in a glass vial with a plastic lid at each of the following concentrations: 0.1, 1, 10, and 100 ppm, hereafter referred to as GlϩE.1, GlϩE1, GlϩE10, and GlϩE100, respectively. A pipe cleaner (3 mm diameter) was inserted through the lid of the vial to act as a wick to assist in slow evaporation of ethylene from the vial. Treatments also included traps with nothing, ethephon alone at each of the four concentrations, and grandlure alone, hereafter referred to as Nothing, E.1, E1, E10, E100, and Gl, respectively. Each treatment was replicated three times; replications were located between 50 and 100 m apart. Traps were placed 20 m apart and rotated within each replication every week to minimize the location effect on traps. Traps were monitored twice a week, and the ethephon solution was replenished to 7.5 ml during each trap inspection.
Trap catch data were subjected to an analysis of variance (ANOVA), with sample year (1996 Ð1997 and 1997Ð1998) , season (fall and spring), and treatments as sources of variation; mean comparisons were made with the least signiÞcant difference and contrasts (SAS Institute 1995). The effect of different grandlure-ethephon treatments were also evaluated for early and late fall-migrating populations separately; weevils captured before and after the Þrst week of October were deÞned as early and late fall-migrating populations, respectively.
Results and Discussion
Seasonal Abundance. Boll weevil trap catch was signiÞcantly affected by year, season, and treatments. Also, the year ϫ season, treatment ϫ season, and year ϫ treatment interactions were signiÞcant (Table  1) . Overall, signiÞcantly higher numbers of boll weevils were captured in 1996 Ð1997 compared with 1997Ð 1998 (Tables 1Ð2). A reduction of spring boll weevil captures in 1997Ð1998 was attributed to freeze-induced, early termination of the cotton crop in 1997, which reduced the number of boll weevils entering the overwintering habitats in late fall (Fig. 1) , and consequently lower numbers of boll weevils emerged in the spring of 1998 (Fig. 1) . The abundance of fall populations were not signiÞcantly different between the two years (contrast with F ϭ 1.2, df ϭ 1, P ϭ 0.28) and averaged 118 Ϯ 22 and 112 Ϯ 20 (mean Ϯ SD) weevils per trap per week in 1996 and 1997, respectively. Average numbers of boll weevils captured in the fall were Ϸ6 times higher than the numbers captured in the spring season. The spring population of boll weevils averaged 39 Ϯ 7 and 7 Ϯ 1 weevils per trap per week in 1997 and 1998, respectively. The spring population is composed of weevils emerged from overwintering habitats, whereas the fall population is largely the in-season weevils that are destined to overwintering habitats. Therefore, it is expected that the fall population was signiÞcantly larger than the spring population.
Influence of Ethephon on Boll Weevil Attraction. Boll weevil trap catches were signiÞcantly affected by grandlure and ethephon treatments. Ethephon alone did not elicit a signiÞcant attraction to fall or spring populations at any concentration evaluated; nevertheless, all ethephon treatments attracted slightly more fall-migrating weevils than control treatment for both years (Table 2 ; Fig. 2) . However, the combination of ethephon and grandlure pheromone showed a distinct synergistic effect, enhancing the efÞcacy of pheromone-baited traps in monitoring boll weevil populations (Table 2 , Figs. 2Ð3). Table 2 ), but the inßuence of GlϩE.1, the lowest concentration of ethephon evaluated, was not significantly different from grandlure alone in either year (1996: F ϭ 0.89, P ϭ 0.35; 1997: F ϭ 0.66, P ϭ 0.42; Table  2 ). GlϩE100, the highest concentration of ethephon evaluated, attracted signiÞcantly higher numbers of boll weevils than Gl alone in 1996 (F ϭ 4.24, P ϭ 0.04), but the difference was not signiÞcant in 1997 (F ϭ 1.26, P ϭ 0.26). Therefore, ethephon at 1 and 10 ppm combined with grandlure were most attractive to fallmigrating weevils. In 1996, GlϩE10 attracted 35% more weevils than Gl alone, whereas GlϩE1 attracted 20% more weevils than Gl alone. In 1997, GlϩE1 and GlϩE10 attracted 22 and 14% more weevils than Gl alone, respectively. Averaged over 2 yr, GlϩE10 and GlϩE1 enhanced the attraction of boll weevils by 25 and 21%, respectively, compared with Gl.
The synergistic effect of ethephon and grandlure changed as the season progressed. In early fall, both GlϩE1 and GlϩE10 attracted signiÞcantly more weevils compared with Gl, but the effectiveness of GlϩE1 declined in late fall (Figs. 2Ð3, A versus B) . In late fall, GlϩE1 attracted 20% more weevils than Gl alone, but GlϩE10 attracted 33% more weevils than Gl alone (Fig. 3) , and the results were consistent for both 1996 and 1997 seasons as reßected by weekly trap catch patterns (Fig. 1) . These data indicate that the ethephon concentration of 10 ppm is more efÞcacious than 1 ppm in terms of synergism with grandlure, especially for the late fall-migrating population.
Spring Populations. As discussed previously, trap captures during the spring varied signiÞcantly between years. The spring population had signiÞcant year (F ϭ 158.2; df ϭ 1, 38; P Ͻ 0.001) and treatment (F ϭ 32.6; df ϭ 9, 38; P Ͻ 0.001) effects along with signiÞcant year ϫ treatment interaction (F ϭ 17.4; df ϭ 9, 38; P Ͻ 0.001). Because the 1997 cotton crop terminated about 1 mo earlier than the 1996 crop, the proportion of weevils entering overwintering habitats was much lower in 1997 compared with that in 1996. This resulted in signiÞcant reduction of boll weevil numbers during 1998 spring. Although there was signiÞcant treatment effect, the effect was detected only in 1997. In 1997, GlϩE10 attracted signiÞcantly more weevils compared with Gl (F ϭ 3.2, P ϭ 0.07) or other grandlure-ethephon treatments (Table 2; Figs. 2Ð3). In 1998, there was no signiÞcant difference among grandlure-ethephon treatments. Therefore, it is apparent that the spring population did not consistently respond to ethylene as did the fall-migrating populations. However, when the spring population size was large (64 Ð98 weevils per trap per week) as in 1997, GlϩE10 showed a signiÞcant synergism. Thus, it is likely that the synergistic effect of grandlure and ethephon can occur in spring populations of boll weevils, but low numbers of weevils in the spring (as in 1998) may not reßect the synergistic effect.
Unlike in the fall when leaf-shedding and ethylene release is an annual event, a consistent environmental phenomenon such as this is lacking in the spring. Nevertheless, ethylene production in and around the cotton crop can potentially happen throughout the production cycle. Duffey and Powell (1979) reported that the cotton crop can produce a substantial amount of ethylene during presquaring stage (potentially impacting the spring population) in response to cotton ßeahopper, Pseudatomoscelis seriatus (Reuter) (Hemiptera: Miridae), feeding. These authors demonstrated that the ßeahopper feeding can produce 1,100 g of ethylene per kilogram of fresh weight of cotton buds in 48 h. Also, Christiansen (1986) suggested that the cotton plants constantly release ethylene in the environment, and the degree of ethylene induction is related to plant injuries and stresses including insect injury, warm nights, low temperatures, drought, mechanical injury, and low sunlight. Thus, the synergistic effect of ethephon with grandlure in monitoring spring populations of boll weevils may depend on both biotic and climatic factors.
Data from this study clearly suggest that the addition of ethephon to grandlure can signiÞcantly improve the trap attractancy and will aid in boll weevil monitoring and eradication strategies that aim at attacking the weevils during the fall. Also, the data suggest that a signiÞcant synergism of ethephon and grandlure can be realized while monitoring spring populations of boll weevils, although the efÞcacy was not apparent at low weevil numbers. Regardless of the generation of the boll weevil population (spring or fall), ethephon at 10 ppm combined with grandlure appeared to show the maximum synergism (Figs. 2Ð3) . The best mode for practicing this technology is to combine ethephon with grandlure in a single unit end-product, preferably in a laminated strip for slow release. We developed this technique by releasing grandlure and ethephon from independent units in a pheromone trap, where grandlure was placed in the collection cone of the trap and the ethephon was provided in a vial under the collection cone. A single unit product will be more efÞcient and less time consuming for periodic replacement. 
